Abstract-Deterministic propagation prediction methods proposed for indoor radio are useful for estimating the average propagation loss in real environments, which usually have complicated geometries. On the other hand, these methods generally fail to accommodate human body shadowing, which is a significant propagation effect in indoor picocells. Several empirical models to describe body shadowing have been reported. However, to our knowledge, no appropriate model that can be used in combination with deterministic propagation prediction methods has been provided in the literature. In this paper, a new practical model is introduced, which provides a way to estimate body-shadowing effects deterministically with the existing raydetermination methods. The detailed procedure to combine our body-shadowing model with the ray-determination methods is described. Several examples are shown applying the procedure to a simple office layout.
I. INTRODUCTION
N UMEROUS propagation prediction methods have recently been proposed for indoor radio communications. The imaging method (e.g., [1] , [2] ) "ray tracing" (with origins in the computer graphics field) [3] , [4] and the raysplitting method [5] are typical examples. These methods have been designed mainly for system-planning purposes, e.g., for the selection of base-station locations in practical indoor environments. The main benefit of these deterministic prediction methods is that they successfully introduce an explicit dependence on the actual site geometry. This stands in contrast to some empirical models that are based on an abstract description of the sites (e.g., "factory with/without line-of-sight," "office with hard/soft partition," etc.).
Human body shadowing ( Fig. 1) is a significant propagation effect in indoor picocells. In contrast to current outdoor cellular systems, the transmission power and the elevation of base stations is much lower in picocells. Thus, the propagation loss by body shadowing greatly affects the received signal strength even when considering a multipath environment where several rays contribute to the received power. In particular, this will be the case if the millimeter band (e.g., 60 GHz) is used instead of the UHF or -bands, which are now widely used.
Some empirical models for body shadowing are available in the literature. Bultitude [6] assumed that the received signal amplitude has a Rician probability density function and determined the values of (the ratio of the power in a steady signal to that in multipath components), which fit the measurement data taken in several buildings. Roberts et al. [7] proposed a two-state Rician model [7] to describe the bursty time varying characteristics caused by moving persons. They determined two different values of for a measured result described in [6] .
These empirical models, however, can introduce neither the dependency on actual relation in position among a base station, a terminal, walkways, walls, and other obstructions in a building, nor the influence of how frequent the "traffic" on each walkway is. Further, it is difficult to determine a certain value of (or two certain values of for a certain indoor environment without a field measurement of the received signal strength under realistic conditions.
The only attempt in the literature to combine raydetermination methods to predict human body-shadowing effects is reported [8] in which continuous snapshot calculations are used for moving obstacles. This approach obviously requires lots of computational power and, thus, the size of the problem where this method can be used is limited.
In this report, we introduce a new and more practical method to estimate body-shadowing effects. This method is used with the existing ray-determination methods. We demonstrate that the proposed model can estimate the worst case in propagation loss due to the body shadowing, which is closely related to the outage rate of a communication link.
In Section II, the details of our body-shadowing model and the way to combine this model with the ray-determination methods such as the ray tracing and the imaging methods are described. In Section III, the model parameter selection based on several experimental results is described. In Section IV, we apply the body-shadowing model to a simple office layout and present some prediction results at 900 MHz and 60 GHz. In Section V, a measurement in 900-MHz band in a typical office 0018-926X/98$10.00 © 1998 IEEE is compared with the prediction based on the body-shadowing model.
II. HUMAN BODY-SHADOWING MODEL
In this section, the steps to predict the probability density of the propagation loss due to the human body shadowing are shown. In this report, a two-dimensional ray determination will be used, but the same procedure can be applied to threedimensional methods as well.
Step 0: Determine Influential Rays
In this step, we use one of the existing ray-determination methods mentioned in Section I. The method determines rays that depart from a base station and arrive at some given terminal position (Fig. 2) . This kind of procedure usually determines a line-of-sight ray and rays that arrive at the receiving point via specular reflections, penetrations, diffractions and combinations of these phenomena. (Note that the contributions from rays penetrating walls can be neglected in Fig. 2 .) If a ray is reflected by an object, a certain additional loss is added to the propagation loss. Penetration and diffraction phenomena also cause extra propagation losses. Thus, the propagation loss of each ray can be calculated. If a directional antenna is used for the base station and/or the terminal, the product of the directivities of the antennas and the propagation loss of each ray can be obtained. In the following discussion, the product of the directivity of the antennas and the propagation loss of ray is simply denoted as where the number of the influential rays is . In our calculation, an antenna with a radiation pattern (as shown in Fig. 3 ) is used at the base station. The antenna of the terminal is assumed to be omnidirectional.
Step 1: Obtain Discrete Probability Density of Local Average Propagation Loss First, the paths along which people usually walk (walkways) are set on the plan of the given site (Fig. 2) . The movement of people in a room is generally restricted by desks, tables, walls, partitions, and so on. Of course, there are many possible walkways (e.g., between the desks and chairs), but for the sake of simplicity, we will represent all these paths only by one walkway at the center of the free areas. Next, we define the shadowing probability of each walkway (again, see Fig. 2 ) by the probability that a person will be present at (cover) an arbitrary point on the walkway. As a walkway represents the possible walking paths in a certain space, persons walking on all of these walking paths should be included when determining this probability. Some straight walking paths may comprise several walkways with different shadowing probabilities, as can be seen at the bottom of Fig. 2 . (In this figure, the shadowing probabilities are indicated on the walkways only in the left half of the map, but we set the probabilities symmetrically also in the right half.)
Second, we determine the intersections between rays calculated in the first step and the walkways, the shadowing points.
Here we assume that a shadowing event (i.e., the event that a person shadows a ray) occurs at the shadowing points with the shadowing probability of the walkway where the shadowing point is located.
Since the shadowing events affecting rays passing the same walkway at almost the same point will be strongly correlated, we assume the following correlation model. We will assume that rays with shadowing points that are less than distance (threshold distance) apart have identical shadowing events. Thus, the shadowing events at these shadowing points occur simultaneously. On the other hand, for shadowing points separated by more than the threshold distance, we assume that shadowing events are independent.
In our model, we assume that the propagation loss of a ray subject to one or multiple shadowing events on the ray increases by a constant
[dB], denoted the additional shadowing loss.
Denote the event of shadowing at one or more shadowing points on ray as and denotes the event where th point out of shadowing points on ray is shadowed. In general (1) Note that the sign denotes the sum or union of events. (It can be written as .) When the th point and the th point on ray are close, . Then . Thus, only one of the two points is used in our calculation. If the th point on ray and the th point on ray are close, . Thus, is not independent of . In a case where there are rays reaching the receiver, there are 2 combinations of shadowing/nonshadowing events for this set of rays. We will now obtain probabilities of these product events. Obviously, one of the product events is the event where none of the rays are shadowed . Another of these product event is the event where all of the rays are shadowed simultaneously . We will now show how to calculate the probability of and that of as examples. Other product event probabilities can be calculated in a similar manner. We assume that the shadowing event of ray is independent of the shadowing events of any other rays, i.e., ray . is the number of the independent events out of the shadowing events and, thus, . Then the probabilities of the two product events are calculated by the following equation:
and are simply calculated by
where is the event where the th point out of shadowing points on ray is shadowed. The detailed calculation of as well as is shown in the Appendix. Finally, in this step, we calculate the local average propagation loss for each of the product events. The local average loss in a spatial range of several wavelengths around the observation point is calculated as the power sum (on a linear scale, not in decibels) of the losses of individual shadowed/nonshadowed incoming rays at the observation point [11] . For instance, if no rays are shadowed, the local average propagation loss is (6) when
[dB] is the propagation loss of ray (without shadowing) obtained in Step 0 and, at the event when all of the rays are shadowed simultaneously, the local average propagation loss is (7) Fig. 4 . Probability density of local average, local deviation by mutual phase relation among multipath, and total probability density of propagation loss.
We now obtain the discrete probability density function of the local average propagation loss in a spatial range of several wavelengths centered around the observation point given by and as shown in Fig. 4 .
Step 2: Add Local Deviation by Multipath Phase Relation
The probability density of the local average propagation loss estimated at Step 1 can be quite useful in providing an overview of the human body-shadowing effects.
However, if we slightly change the position of a terminal receiving the signal from the base station, because of multipath effects, the receiving signal strength may change even in a static environment. This is due to the changing interrelations between the phase angles of different incoming rays [12] , [13] . The variation in signal strength can be interpreted as the local deviation of the propagation loss within a small region (of the size of several wavelengths) centered around each observation point.
We will now attempt to obtain the probability densities of these local variations of the signal strength for individual product shadowing events (see Fig. 4 ) and weigh these densities by the discrete probabilities of the product events and add them up. In this way, it is possible to obtain a more realistic probability density in a spatial range of several wavelengths centered around the observation point. The precise probability density may then be used to estimate the spatial outage probability in the given geometry. The outage probability is one of the most important parameters in the design for an indoor radio communication system.
We can generally assume a uniformly distributed random phase relation among multipath components in the several wavelength range for the local averaging. Under this assumption, we now introduce the concept of significant rays. In our calculation, we define that the th ray is significant if it is within 15 dB of the strongest ray in the product event, i.e.,
[dB], where is the propagation loss of the strongest ray in the product event. (Note that the propagation loss without shadowing of the strongest among the influential rays, which is here denoted by , is not always equal to .) When only one ray is significant, we may assume that its amplitude variation is negligible.
For the case of two significant rays, we calculate the amplitude variation based on the assumption that the random phases of two sinusoids are independent and each of them is uniformly distributed from 0 to 2 . (The carrier frequency is denoted by and assume .) If we denote the amplitude of the vector sum of the two sinusoids as , the probability density function of is [14] (8)
When more than two rays are significant, we use an approximation yielding a Rice-distributed amplitude of the received signal [15] . The dominant component in the Rice distribution is assumed to be the strongest ray in the product event and the mean power in the random components is calculated as the power sum of the rest of the rays in the event. Though this approximation may overestimate the spread in amplitude, the computation time is reduced.
III. MODEL PARAMETER SELECTION
The model parameters (additional shadowing loss) and (threshold distance) in Step 1 in Section II are inferred to depend on many factors, for example: carrier frequency, polarization, individual differences among shadowing persons, direction of the shadowing person relative to the ray (frontal or sideways), heights of antennas (base station, terminal), shadowing position on a ray (i.e., it is near or far from a base station or a terminal) and the number of shadowing persons on a ray.
As for the influence of carrier frequency, we can find quantitative suggestions from one of our experimental results as well as from several published articles [9] , [10] . Fig. 5 shows a typical result from our measurements at 900 MHz. Fig. 5(a) shows a schematic view of the measurement site. Two vertically polarized antennas with very sharp beams were placed facing each other at a distance of three meters. The antennas and the line-of-sight paths are reasonably clear of furniture and other objects to avoid any reflected or scattered rays. In the experiment, a person moved sideways along the dashed line in the figure. The height of the antennas was 150 cm and the person was 173 cm tall. Fig. 5(b) shows the ratio of the received powers with and without human body shadowing. The horizontal axis indicates the offset position of the obstacle (i.e., the person) from the line-of-sight path. Though there is some variation of the additional loss (or gain) due to the offset position of the person, 6 dB and 90 cm ( the distance between two level crossing points at 0 dB in the vertical axis in Fig. 5 ) seems to be a good approximation for and of the proposed model in 900-MHz band.
As for -band, the delay profile variations with intentional shadowing reported in [9] suggest that the value for should lie between 6 and 11 dB.
Measurement results from an experiment similar to that described above in the 60-GHz band [10] show that and can be set to be 18 dB and 32 cm, respectively. In the method described in this paper, and are assumed to be independent of the rest of the factors except carrier frequency.
IV. PROPAGATION LOSS PREDICTION RESULTS
We apply the above model with the simple office layout already shown in Fig. 2 . The imaging method is used to determine the rays, with an additional prediction of the diffracted rays [1] . A direct incoming ray and rays having two or fewer reflections/diffractions are determined. No penetrations through the walls are assumed for the moment. The propagation loss is calculated for two carrier frequencies: 900 MHz and 60 GHz. For and , the values obtained in Section III are used. The diffraction coefficient is calculated with the knife-edge model [16] and the reflection loss by a wall is assumed to be a constant 6 dB for approximation purpose. Fig. 6 shows the cumulative probability of propagation loss at a line-of-sight observation point obtained by the bodyshadowing model. At 900 MHz, the probability distribution is indeed concentrated around 52 dB in loss, but another small peak in probability exists around 57 dB. Considering that the outage rate of a communication link usually depends on the worst case, it is important to estimate even this smaller peak. A similar observation can be made at 60 GHz as well, while the difference in propagation loss between the two peaks is larger than that at 900 MHz. Figs. 7 and 8 show the difference between the median (50% value) of propagation loss and the 99% value of reliability for the given geometry. We can estimate both typical and worst-case propagation loss in the form of contour maps by using the proposed model. The contour maps (in particular, those in Fig. 8) are extremely useful to find out where coverage problems occur at the given site and where additional countermeasures against human body shadowing should be implemented. 
V. COMPARISON OF PREDICTED RESULTS WITH A MEASUREMENT
A measurement was performed in 900-MHz band in a typical office corridor shown in Fig. 9(a) and the result was compared with prediction by the body-shadowing model. The walkways and their shadowing probabilities shown in the figure were determined by observation with a video camera during the measurement. Note that a shadowing probability of 13% is seen at one walkway because several people spent time in front of the fax machine located near there. The directivities of the antennas used for the base station and the terminal were 12.5 and 9.0 dBi, respectively. Both antennas were vertically polarized and their half-power beam widths in horizontal plane were 65 . The data of their horizontal radiation patterns provided by the manufacturer were used in the calculation with the body-shadowing model. The antennas faced each other and their heights were 150 cm. To evaluate the local deviation, four datasets from different positions, shown in Fig. 9(b) for the terminal antenna, were collected. Each dataset was collected over a period of 15 min with a sampling interval of 0.2 s; thus, each included 4500 samples of received signal strength. The cumulative probability obtained from the 18 000 samples in the four datasets is shown in Fig. 9(c) along with the predicted results by the body-shadowing model. In the figure, the predicted results with different reflection losses by a wall are shown. The measurement result and the prediction with dB show good agreement. The differences due to of the predicted results suggest that the precise prediction of propagation loss of each incoming ray should be required to obtain a proper prediction by the body-shadowing model.
VI. CONCLUSION
A new statistical model for human body shadowing was proposed. The model enables us to estimate the body-shadowing effects in a specific layout of offices and factories. The model was combined with widely used propagation prediction methods based on ray tracing to yield a propagation prediction method for indoor microwave communication. The method is suitable for indoor network planning tools for indoor radio LAN. The investigation of the dependencies of and on carrier frequency and other factors described in Section III is important in order to apply this body-shadowing model to various indoor radio communication systems. Further comparison with typical indoor environment measurements will be an important aspect of our future work to evaluate the prediction error of this model.
APPENDIX CALCULATION OF THE LATTER PART OF (2)
Here we explain the case in which the shadowing events of three influential rays denoted as and are not independent, which can be easily extended to the general case. The probability to obtain is . We can generally assume
where is the shadowing event for th ray and are mutually independent shadowing events. Even when there are additional events, we can simply extend the same procedure. For example, if there are two mutually independent shadowing events for the th ray ( and ) and neither of them participates in the shadowing events of other rays, in the above equation can be replaced with . A way to obtain is to express the product event in the form of a sum of exclusive events, which also have to be products of independent events. This is indeed possible, but the following result is rather complicated: (A. 4) and difficult to extend to the case in which four or more rays are influential.
Thus, we choose another way. We consider product events, namely . They are mutually exclusive and the sum of all of them is the certain event . The probability of each of them can be easily calculated like (A.5) and can be obtained as the sum of the probabilities of the events which are contained in the product event . That is (A.6) At first glance, this way seems more difficult than the first one. But, to complete Step 1 we have to calculate not only , but also and each of the 128 events is contained in one of the above eight product events, i.e.,
Thus, all of the 128 events should be calculated in any case to complete the step. To examine which out of the eight events includes each product event out of 128, an ordinary logical calculation by bit flags can be used.
Most of the computation time for the calculation is devoted to the multiplications of the probabilities of the 128 events. In general, when the number of the rays is and the shadowing events of rays out of are independent of the shadowing events of any other rays, the number of the product events that should be calculated such as the above is (A.10)
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